Somatic cell nuclear transfer was used to produce live piglets from cultured fetal fibroblast cells. This was achieved by exposing donor cell nuclei to oocyte cytoplasm for approximately 3 h before activation by chemical means. Initially, an experiment was performed to optimize a cell fusion system that prevented concurrent activation in the majority of recipient cytoplasts. Cultured fibroblast cells were fused in medium with or without calcium into enucleated oocytes flushed from superovulated gilts. Cybrids fused in the presence of calcium cleaved at a significantly (P Ͻ 0.05) greater rate (69%, 37 out of 54) after 2 days of culture compared with those fused without calcium (10%, 7 out of 73), suggesting that calcium-free conditions are needed to avoid activation in the majority of recipient cytoplasts during fusion. In the second experiment, cybrids fused in calcium-free medium were activated approximately 3 h later with ionomycin, followed by incubation in 6-dimethylaminopurine to determine development in vitro. Following 2 days of culture, cleavage rates of chemically activated and unactivated cybrids (fusion without activation control) were 93% (100 out of 108) and 7% (2 out of 27), respectively. After an additional 5 days of culture, activated cloned embryos formed blastocysts at a rate of 23% (25 out of 108) with an average inner cell mass and trophectoderm cell number of 10 (range, 3 to 38) and 31 (range, 16 to 58), respectively. In the third experiment, activated nuclear transfer embryos were transferred to the uteri of synchronized recipients after 3 days of culture to assess their development in vivo. Of 10 recipients receiving an average of 80 cleaved embryos (range, 40 to 107), 5 became pregnant (50%) as determined by ultrasound between Day 25 and Day 35 of gestation. Of the five pregnant recipients, two subsequently farrowed one piglet per litter originating from two different cell culture lines. In this study, efficient reprogramming of porcine donor nuclei by fusing cells in the absence of calcium followed by chemical activation of recipient cytoplasts was reflected in high rates of development to blastocyst and pregnancy initiation leading to full term development.
INTRODUCTION
Since the production of sheep from a differentiated cell line in 1996 [1] , other species have been cloned from cultured somatic cells including cattle [2] , mice [3] , goats [4] and, more recently, pigs [5] [6] [7] . Cloning not only offers duplication of valuable genotypes to accelerate genetic gain but it also offers an avenue for the precise genetic modification of animals. This is made possible by using genetargeted cultured cells for nuclear transfer [8] . Application of this technology in pigs could lead to the ablation of genes, such as the ␣(1, 3)-galactosyltransferase gene, coding for xenoreactive transplantation antigens with the future aim of using pig organs and tissues in human transplantation.
A variety of nuclear transfer approaches have led to fullterm development of mammals from somatic cells. Successful methods vary in the phase of the cell cycle in which donor nuclei exist (G0 [1] , G1 [2] , and metaphase [9, 10] ) as well as whether activation occurs simultaneously during introduction of nuclei into recipient cytoplasts [1] or some time thereafter [3, 11] . However, there is mounting evidence to suggest that cloning efficiency is enhanced when donor nuclei are exposed to recipient cytoplasts with high levels of maturation promoting factor (MPF) for a few hours before activation [11] . Prolonged exposure to metaphase-arrested cytoplasm is believed to enhance remodeling and reprogramming of the donor nucleus [12] . This can be achieved by fusing or injecting nuclei without concurrent activation of cytoplasts. An additional benefit of reconstructing in this way is that activation of nuclear transfer cybrids is not limited to electrical pulse stimulus.
Pig cloning has been very difficult to date with less than 1% of reconstructed embryos developing to full term. One reason for this inefficiency is that pigs need several viable embryos to be present early in gestation to maintain pregnancy [13] . Because loss of cloned conceptuses is high throughout pregnancy, large numbers of cloned porcine embryos are needed to be transferred into each recipient to ensure the presence of a critical number for the maintenance of pregnancy. Cloned porcine embryos also appear to be more developmentally compromised compared with clones of other domesticated species, which may be related to early onset of maternal-zygotic transition [14] . This is indicated by reportedly low rates of reconstructed porcine embryos developing to blastocyst stage in vitro at less than 10% [7, 15, 16] compared with 20-50% for other species, including cattle [11] , sheep [17] , and mice [3] .
Three groups have recently overcome these impediments by using either serial nuclear transfer [6] , microinjection of nuclei [5] , or fusing donor cells into in vitro-matured sow oocytes [18] to produce cloned piglets. Common themes in these reports were the use of cultured cells grown to confluency, which is likely to synchronize the majority of their cell cycle into G1 [19] and the transfer of large numbers of embryos into the recipients after 3 days of culture.
Here, we describe a reproducible nuclear transfer technique for the production of cloned pigs from cultured fetal fibroblast cells that were frozen for 2 yr. We developed a cell fusion method that prevents concurrent activation in the majority of recipient cytoplasts, allowing for subsequent activation and, therefore, efficient reprogramming of donor cell nuclei, leading to full-term development.
MATERIALS AND METHODS

Media
All chemicals were supplied by Sigma Chemical Company (St. Louis, MO) unless otherwise stated.
Cell Culture
Porcine fetuses were obtained via hysterectomy of a pregnant (Day 25) gilt. After removal of hearts and heads, remaining tissues were washed in Dulbecco PBS (DPBS; Gibco-BRL, Grand Island, NY) with 10% fetal calf serum (FCS; CSL, Parkville, Victoria, Australia) and suspended by aspirating 8 times through an 18-gauge needle attached to a 5-ml syringe. Cell suspensions were then transferred to 175 cm 2 tissue culture flasks containing Dulbecco modified Eagle medium (DMEM; high glucose, 110 mg/L sodium pyruvate and pyridoxine hydrochloride; Gibco-BRL) with 15% FCS and left to culture at 38.5ЊC, 5% CO 2 in humidified air. Once confluent, cells were dissociated using 0.1% (w/v) trypsin in DPBS and pelleted at 300 ϫ g for 5 min. Cells were then regrown and passaged before being frozen in DMEM containing 10% FCS and 10% dimethyl sulfoxide, and stored in liquid nitrogen.
For nuclear transfer, cells were thawed, cultured, and subsequently used between passages 4 and 13. Twelve days before nuclear transfer, cells were passaged and seeded to 25 cm 2 tissue culture flasks containing DMEM with 15% FCS. They were left to grow to confluency to synchronize the majority into G1 [19] . Approximately half an hour before manipulation, cells were dissociated by incubation for 5 min in DPBS containing trypsin, pelleted, and resuspended in DMEM with 15% FCS.
In Vivo Oocyte Collection and Preparation
Large White ϫ Landrace gilts were superovulated as previously described [15] . Freshly ovulated oocytes were flushed using DPBS from superovulated pig donors 48 h after hCG injection and transported to the laboratory in Hepes-buffered modified Eagle medium (MEM; with Earle salts, L-glutamine and nonessential amino acids; Gibco-BRL) containing 0.5% BSA (Bayer, Kankakee, IL). They were then stripped from their remaining cumulus by pipetting in phosphate-buffered NCSU-23 ( 7 .0 mM taurine, 5.0 mM hypotaurine, and 0.4% BSA) with 10% FCS at 39ЊC, 5% CO 2 in air for 0.5-2 h before micromanipulation.
For micromanipulation, oocytes and cells were placed in a 10-l drop under oil of pNCSU-23 with 7.5 g/ml cytochalasin B. Oocytes were enucleated by removing the first polar body along with adjacent cytoplasm containing the metaphase plate using a micropipette with an inner diameter of about 25 m. In a majority of oocytes, the metaphase plate was visible under phase contrast optics as a clear space contrasted against dark cytoplasm. Through the same hole in the zona pellucida created during enucleation, a small cell (about 15 m in diameter) was then placed in contact with the cytoplasm of each oocyte to form a couplet. After manipulation, couplets were washed once and cultured in NCSU-23 with 10% FCS at 38.5ЊC, 5% CO 2 in humidified air for at least 0.5 h before fusion.
Just before fusion, couplets were removed from the incubator and placed in drops of pNCSU-23 with 10% FCS under oil. Groups of up to 10 couplets were washed thoroughly in either calcium-free (0.28 M mannitol, 0.2 mM MgSO 4 ·7H 2 O and 0.01% polyvinyl alcohol [PVA]) or calcium containing mannitol fusion medium (0.28 M mannitol, 0.2 mM MgSO 4 ·7H 2 O, 0.1 mM CaCl 2 ·2H 2 O and 0.01% polyvinyl alcohol). They were then immediately transferred to a fusion chamber (BTX, San Diego, CA) with 2 electrodes, 1 mm apart, overlaid with the same fusion medium used for washing. Couplets were manually aligned using a 30-gauge needle so that the plane of contact between the donor and recipient cells was parallel with the electrodes. Cell fusion was induced with a single DC pulse of 150 V/mm for 60 sec using a BTX Electro Cell Manipulator 2001. Couplets were also exposed to an AC pulse that diminished from 4.0 to 0.0 V over a 2-sec interval immediately before and after the fusion pulse. After application of electrical pulse, couplets were returned to pNCSU-23 drops for at least 0.5 h. Unfused couplets were exposed to the same fusion procedure but without application of AC pulse. Fused couplets (cybrids) were returned to the incubator in NCSU-23 with 10% FCS at 38.5ЊC in a humidified atmosphere of 5% CO 2 for 2 h. In the first experiment, cybrids fused in calcium-free or calcium-containing mannitol fusion medium were cultured in NCSU-23 with 0.4% BSA at 38.5ЊC in a humidified atmosphere of 5% O 2 , 5% CO 2 , 90% N 2 for 2 days to examine rates of activation.
In experiments 2 and 3, cybrids fused in calcium-free mannitol fusion medium were incubated half an hour before activation in modified TALP-PVA medium (114.0 mM NaCl, 3.16 mM KCl, 0.35 mM NaH 2 PO 4 ·2H 2 O, 0.5 mM MgSO 4 ·6H 2 O, 25 mM NaHCO 3 , 2 mg/L phenol red, 0.1% PVA, 75 mg/L penicillin-G, 50 mg/L streptomycin sulfate, 4.72 mM CaCl 2 ·2H 2 O, 10.0 mM sodium lactate, 0.10 mM sodium pyruvate, 2.0 mM caffeine-sodium benzoate, 3.0 mM calcium lactate, and 0.4% BSA). To activate cybrids, they were transferred to mTALP-PVA containing 5 M ionomycin for 5 min, then washed twice and incubated in culture medium (NCSU-23) containing 2 mM 6-dimethylaminopurine (6-DMAP) for 3 h. Activated cybrids were then washed twice and transferred to 50-l droplets of culture medium under mineral oil and incubated at 38.5ЊC in a humidified atmosphere of 5% O 2 , 5% CO 2 , and 90% N 2 either for 7 days to assess in vitro development or for 3 days before transfer into recipients that were synchronized as previously described [15] . After 5 days of culture, 10% FCS was added to those embryos that were cultured for 7 days. Pregnancy status of recipients between Day 25 and Day 35 was determined by an independent contractor using a real-time ultrasound.
Differential Staining
Nuclear transfer blastocysts after 7 days of culture were differentially stained using a modified method as previously described [20] . Zonae pelucidae of blastocysts were dissolved by incubating in acid Tyrodes solution for 5 min. They were then washed in MEM containing Hepes and 0.8% (w/v) polyvinylpyrrolidone (PVP; BDH, Poole, U.K.). Trophectoderm cells were lysed by incubating zona-free blastocysts on ice for 30 min in Hepes-MEM-PVP containing 10 mM trinitrobenzenosulfonic acid (pH 8.5), washing in Hepes-MEM-PVP, then incubating at 37ЊC for 30 min in Hepes-MEM-PVP containing 0.2 mg/ml anti-dinitrophenol BSA. Blastocysts were then washed in Hepes-MEM-PVP and incubated at 37ЊC for 30 min in a 1:5 dilution of guinea pig complement serum in Hepes-MEM-PVP. The trophectoderm and ICM cells were then stained with 0.01 mg/ml propidium iodide and 0.05 mM bisbenzimide (Hoechst 33258), respectively. For cell counting, blastocysts were fixed in ethanol at 4ЊC, mounted in glycerol on microscope slides, and examined using a fluorescence microscope (Diaphot-TMD; Nikon Corporation, Tokyo, Japan) fitted with a UV-2A filter combination having a 330-380 nm excitation filter and a 420-nm barrier filter. Trophectoderm cells fluoresced red, whereas ICM cells fluoresced blue.
Microsatellite Analysis
Parentage was investigated using microsatellite analysis. For each polymerase chain reaction (PCR) 25 ng of purified porcine genomic DNA (Qiagen; QIAamp DNA mini kit), 1ϫ PCR buffer; 1.5 mM MgCl 2 ; 30 M of each of dATP, dTTP, dGTP, and 15 M dCTP; 0.1 Ci ␣ 33 P-dCTP (S.A. 3000 Ci/mmol; GeneWorks, Australia); 1 M forward primer; 1 M reverse primer; 0.5 units of Taq DNA polymerase (Boehringer-Mannheim, Mannheim, Germany) were used in a total volume of 10 l. Microsatellite primer sets used were SW1125, SW445, and SW122 [21] for the polymorphic loci on chromosomes 14, 4, and 6, respectively. PCR cycling conditions were 2 min at 92ЊC for initial denaturation followed by 30 cycles of 30 sec at 94ЊC, 30 sec at 62ЊC, and 30 sec at 72ЊC. A final elongation step of 5 min at 72ЊC was included. The reaction products were resolved by 6% nondenaturing PAGE, then the gels were dried and exposed to autoradiographic film (Kodak, Tokyo, Japan).
Statistical Analysis
Embryo percentage data were subjected to arcsine transformation. Transformed data were then analyzed by ANOVA using Microsoft Excel (Microsoft Corporation, Seattle, WA). A probability value of P Ͻ 0.05 was considered to be statistically significant.
RESULTS
The first experiment was conducted to develop a cell fusion method in pigs that prevented concurrent activation of recipient cytoplasts. Activation was measured in this study by subsequent cleavage rate of embryos after 2 days of culture. As evident in Table 1 , the absence of calcium during fusion was critical in preventing concurrent activation in the majority of cybrids. When cybrids were fused in the presence of calcium, 69% were found to divide after 2 days of culture, whereas only 10% of their counterparts fused in the absence of calcium underwent cell division. Fusion rates of couplets did not differ (P Ͻ 0.05) between those fused in the presence (65%; 54 out of 83) or absence (72%; 73 out of 101) of calcium.
Using calcium-free conditions during cell fusion, we then reconstructed embryos with cultured fetal fibroblast cells to examine development of cloned embryos in vitro (Table 2) . When reconstructed embryos were activated using ionomycin/6-DMAP approximately 3 h after fusion, 93% were found to divide after 2 days of culture. This compares with 7% when a cohort containing even numbers of cybrids fused during first-round and second-round fusion were not exposed to ionomycin/6-DMAP, suggesting that fusion occurred without activation in the majority of cloned embryos. The blastocyst rate of activated embryos after a further 5 days of culture was 23%. We found no difference in rates of development to blastocyst whether couplets were fused after only one or two rounds of fusion. These blastocysts were found to contain an average of 31 trophectoderm cells (range, 16-58) and 10 inner cell mass cells (range, .
In the third experiment, cloned embryos fused under calcium-free conditions and activated using ionomycin/6-DMAP were cultured for 3 days in vitro and then transferred to the uteri of synchronized recipients to assess their development in vivo (Table 3 ). An average of 121 (range, 95-156) couplets were manipulated on each day, of which 72% were found to fuse either after 1 or 2 rounds of fusion. After 3 days of culture, an average of 89% of reconstructed embryos cleaved and were transferred to synchronized recipients. From 10 transfers, 5 recipients became pregnant as determined by ultrasound between Day 25 and Day 35, resulting in a pregnancy rate of 50%. From these pregnancies, two recipients farrowed with one piglet per litter. The first piglet was born from the transfer of 52 embryos reconstructed using a female cell line. She weighed 1.5 kg at birth and is developing normally after 6 mo. The second piglet derived from the transfer of 106 embryos using a male cell line was delivered by the caesarian method and appeared normal, weighing 1.0 kg, but was found dead the next day. Autopsy conducted on the day of death revealed organs of normal size and gross morphology, and the cause of death was most likely due to suffocation as the result of regurgitated ingesta within respiratory cavities. Microsatellite DNA analyses examining three loci confirm that both piglets are genetically identical to the donor fetuses from which the fibroblasts used for nuclear transfer were obtained and are not genetically related to the respective recipient gilt (Fig. 1) .
DISCUSSION
In the current study, we report the birth of live cloned piglets from cultures of fetal fibroblast cells. These cells were harvested from Day 25 fetuses before being frozen in liquid nitrogen for 2 yr. They were then passaged up to 12 times (approximately 40 population doublings) before nuclear transfer. Taken together, this result illustrates the utility of cloning for storing and multiplying genotypes and for transgenesis by enabling enough population doublings for selection of gene-targeted cells before nuclear transfer. We believe our success was due to the development of a porcine nuclear transfer system in which donor nuclei were exposed to unactivated cytoplasm for approximately 3 h before activation by chemical means.
Exposure to unactivated oocyte cytoplasm is believed to facilitate remodeling and reprogramming of donor nuclei, [12, 22] . Unactivated cytoplasm contains high levels of active maturation promoting factor (MPF), which induces nuclear membrane breakdown (NEBD) and premature chromatin condensation (PCC) of transferred nuclei. Tani et al. [9] recently observed NEBD and PCC when bovine cumulus cells were fused with enucleated ova, regardless of the phase of the cell cycle in which donor cells existed. In the current study, we demonstrate the importance of fusing donor cells under calcium-free conditions to avoid concurrent activation in the majority of recipient cytoplasts. This was evident in the first experiment when 69% of cybrids that were fused in calcium-containing medium and not receiving chemical activation stimulus cleaved after 2 days of culture compared with only 10% of their counterparts fused under calcium-free conditions. Our finding contrasts with results in cattle in which reconstructed cybrids were found not to prematurely activate during fusion, despite the presence of calcium in the fusion medium [23, 24] . It is likely that there are differences between species with the ease at which recipient cytoplasts activate upon fusion. Other factors such as the age of recipient cytoplasts, source of oocytes (in vivo-matured or in vitro-matured), and fusion parameters utilized are also likely to influence the activation status of fused cybrids.
Cloned offspring from somatic cells have been produced previously as a result of reconstructing embryos either by activating simultaneously during introduction of donor nuclei into recipient cytoplasts [1] or sometime thereafter [3, 11] . A direct comparison between the developmental competence of bovine nuclear transfer embryos by Wells and coworkers [11] found that twice as many (39.8%) embryos reconstructed by fusing cumulus cells into recipient cytoplasts before activation using ionomycin/6-DMAP developed to blastocyst stage in vitro compared with those reconstructed using simultaneous fusion/activation (18.6%). This may be related to higher expression of interferon tau in cloned embryos produced by simultaneous fusion/activation [25] , which has been correlated with poor embryo quality in cattle [26] . Here in the pig, we demonstrate, retrospectively, a greatly improved rate of development to blastocyst stage (23%) by activating cybrids 3 h after fusion compared with previous work in our laboratory in which simultaneous fusion/activation was employed (3%; [15] ). However, differences between the past study [15] and the current study, including oocyte quality, donor cell line used, activation stimulus (electrical pulse vs. chemical), and donor cell cycle synchronization treatment (serum starvation vs. culture to confluency) were also likely to affect cloning efficiency. Therefore, a direct comparison between both procedures will need to be made to validate whether cloning efficiency in pigs is increased by delaying activation after donor cell fusion.
Introduction of donor nuclei into recipient cytoplasts is arguably the most difficult step in cloning by nuclear transfer. Efficient reconstruction is particularly vital in pig cloning because of the necessity to transfer large numbers of cloned embryos into each recipient to ensure the presence of a critical number of fetuses for pregnancy maintenance. Therefore, we increased numbers of cloned embryos available for transfer by exposing couplets to a second round of fusion if they remained unfused after the initial electrical pulse application. We justified recycling unfused couplets because we observed that embryos reconstructed after a second pulse were found to develop to blastocyst in vitro at a similar rate to their counterparts successfully fused after the first pulse (data not shown). However, it is unknown whether application of one or two pulses affected subsequent in vivo development of cloned embryos.
Previous pig cloning studies resulting in full-term development primarily differ in the reconstruction procedure employed (microinjection [5] , electrofusion [7] , or serial nuclear transfer [6] ) as well as the cell type (cumulus [6] , fetal fibroblast [5, 7] , or genital ridge [18] ) and recipient cytoplast (in vitro-matured [7] or in vivo-matured [5] ) used. Themes common to these studies and the present report include the transfer of cloned embryos into uteri of recipients after 3 days of culture as well as the use of donor cells cultured to confluency, which is likely to synchronize cells in G1 [19] and may avoid DNA fragmentation as seen in serum-starved cells [27] . Our study is most similar to that by Onishi and coworkers [5] because fetal fibroblast cells were introduced into in vivo-flushed oocytes without concurrent activation, then activated a few hours thereafter. A differing aspect is that Onishi et al. [5] microinjected donor nuclei, whereas we introduced the entire donor cell contents by electrofusion, although the procedure used to introduce nuclei may not affect development because Ogura et al. [28] found similar in vitro and in vivo rates of development in cloned mice regardless of whether microinjection or electrofusion was used. In the study by Betthauser et al. [7] , donor nuclei were fused into enucleated in vitro-matured sow oocytes, then, like in the present study, cybrids were chemically activated by ionomycin/6-DMAP. However, based on the data presented in the current study, it is possible that the majority of embryos produced by Betthauser et al. [7] may have prematurely activated because of the presence of calcium in the fusion medium. Unlike in the current study, the activation status of a cohort of cybrids not exposed to chemical activation was not determined. As with in vivo oocytes, we have recently found that when enucleated in vitro-matured sow oocytes are used, fusion in calcium-free medium is essential to avoid concurrent activation (unpublished result).
In the current study, development of cloned embryos in vitro was high (23%) compared with the study by Betthauser et al. [7] (7%), but it was not reported by Onishi et al. [5] or Polejaeva et al. [6] . We also found the rate of pregnancy initiation after transfer of cloned embryos into recipients was high (50%; 5 initiations out of 10 recipients) compared with other pig cloning studies, including Betthauser et al. [7] (23%; 15 out of 66) and Polejaeva et al. [6] (29%; 2 out of 7), but cannot be compared with Onishi et al. [5] , who did not confirm pregnancy status by ultrasound. Because enucleation was unconfirmed by epifluorescence (''blind enucleation'') in our study, it is likely that some of the embryos produced were the result of parthenogenetic development. However, because in previous experiments we found the average efficiency of blind enucleation was high (88%), parthenogenetic development would have had only a minimal effect on in vitro development and pregnancy outcomes in the current report.
In this study, we produced cloned piglets from cultures of fetal fibroblast cells that had previously been stored in liquid nitrogen for 2 yr. The improvement in pig cloning efficiency here, in comparison to our previous study [15] , is likely to be the result of exposing nuclei to unactivated cytoplasm for a few hours before chemical activation. To achieve this, we demonstrate the necessity to fuse donor cells with recipient cytoplasts in calcium-free medium. Using the cloning technique described here, our efforts are now focused on producing ␣(1, 3)-galactosyltransferase gene knock-out pigs for the possible future use in human transplantation.
